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Abstract The energetics of dissociation of bovine insu-
lin in aqueous solution have been investigated by sensitive
dilution microcalorimetry. Cyclodextrins increase dissoci-
ation of insulin oligomers in a manner consistent with their
interaction with protein side chains. For example, assum-
ing monomer-dimer equilibrium, in the absence of cyclo-
dextrins the calorimetric dilution data (25°C, pH 2.5) in-
dicate a dimer dissociation constant (K;,.) of about 12 um
and an endothermic dissociation enthalpy (AHg) of
+41 kJ mol™'. Addition of methyl-S-cyclodextrin (up to
200 mMm) makes dissociation significantly more endother-
mic (AHy;, =79 kJ mol™") and reduces the apparent dimer
dissociation constant by more than two orders of magni-
tude (K i,~1.7 mm). Qualitatively similar results are ob-
served with a-cyclodextrin and other f-cyclodextrin de-
rivatives. Cyclodextrin-induced insulin dissociation is also
observed at pH 7.4.
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Introduction

Insulins are known to occur in a variety of aggregation (ol-
igomer) states in solution depending on concentration, pH,
temperature, Zn>" concentration and other ionic conditions
(Blundell et al. 1972; Biet al. 1984), and their aggregation
states can potentially affect their use in therapeutic situa-
tions. Based on previous observations on interaction of cy-
clodextrins with globular proteins (Cooper 1992; Cooper
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and McAuley-Hecht 1993; Camilleri et al. 1994) we pre-
dicted that complexation of these cyclic polysaccharides
with surface protein residues might significantly affect the
state of aggregation of protein in solution. The non-polar
cavities of toroidal cyclodextrin molecules have a partic-
ular affinity for small non-polar groups and can both en-
hance the solubility and improve stability of such mole-
cules in water. Cyclodextrins are finding increasing use as
solubilizing agents and stabilizing excipients for protein
drugs, including insulins (Brewster et al. 1991). We show
here by calorimetric measurement of heats of dilution that
the dissociation of bovine insulin in solution is signifi-
cantly enhanced in the presence of various cyclodextrins.
The energetics of this process are consistent with associa-
tion of cyclodextrin molecules with insulin surface resi-
dues. Such a complexation might also bring about confor-
mational changes in insulin which could contribute indi-
rectly to the disaggregation process.

Materials and methods

Bovine Zn-insulin was obtained from Sigma (I-5500) and
used without further purification (trial fplc, gel filtration
and dynamic light scattering experiments indicated no sig-
nificant protein contaminants in these preparations). Pro-
tein solutions were prepared fresh daily in the appropriate
buffer, and concentrations verified by UV absorbance
measurements on diluted aliquots assuming a molar ex-
tinction coefficient (&,g,) of 5734 M~ (Porter 1953; Gill
and von Hippel 1989). Buffers used were 0.1 M gly-
cine/HCI pH 2.5 or 0.1 M Na-phosphate pH 7.4, contain-
ing appropriate concentrations (by weight) of cyclo-
dextrins where required. Hydroxypropyl-J-cyclodextrin
(0.8 avg.subst.) and methyl-B-cyclodextrin (1.8 avg.subst.)
were obtained from Aldrich, e-cyclodextrin was from
Sigma Chemical Co.

Calorimetric dilution experiments were done using a
Microcal OMEGA titration microcalorimeter following
standard instrumental procedures at 25 °C with a 250 pl in-



jection syringe and 400 rpm stirring (Wiseman et al. 1989;
Cooper and Johnson 1994). In a typical dilution experi-
ment small aliquots (10—20 pl) of concentrated insulin,
dissolved in buffer or buffer/cyclodextrin mix, were in-
jected into the calorimeter reaction vessel (1.4 ml volume)
containing the identical buffer mixture. Integrated heat
pulse data, after correction for mixing controls done sep-
arately under identical conditions, were analysed by non-
linear regression in terms of a simple monomer-dimer equi-
librium model to give the apparent equilibrium constant
(Kg4iss) and enthalpy of dissociation (AHg,, per mole
dimer):

Ins, = 2Ins; K= [Instm]zl[lnsz]; AH .

where [Ins,] represents the total free insulin monomer
concentration. Other thermodynamic parameters were cal-
culated from standard expressions:

AG"=-RT.InK; AG=AH - T.AS

Results and discussion

Dilution of a series of small aliquots of insulin into a larger
volume of buffer in the microcalorimeter gives a sequence
of endothermic heat pulses characteristic of molecular dis-
sociation (Fig. | A). With successive injections, as protein
concentration in the calorimeter cell increases, the magni-
tude of the heat uptake diminishes, presumably because the
extent of dissociation decreases at the higher insulin con-
centrations. This gives rise to a typical heat of dilution
curve (Fig. 1 B) which can be fit in terms of a monomer-
dimer equilibrium model yielding K., and AH;,.. Ther-
modynamic data obtained in this manner under a range of
conditions are given in Table 1. Qualitatively similar ef-
fects are seen both at pH 2.5, where the insulin concentra-
tions in the injection syringe were typically 10 mg/ml, and
at pH 7.4 where, because of the much lower solubility, in-
sulin concentrations were only about | mg/ml, and dilu-
tion heats were concomitantly smaller. Consequently, only
limited quantitative data are reported here for pH 7.4,
though the overall trends are similar at both pH’s.
Addition of cyclodextrins to the buffer mixture gives
rise to two significant effects (Fig. 2): (i) insulin dilution
heats become more endothermic, and (ii) the dilution
curves become more attenuated, indicating greater dimer
dissociation in the presence of cyclodextrins. This is con-
firmed by the apparent thermodynamic parameters in Ta-
ble 1, and is consistent with cyclodextrin binding to the
dissociated form of the insulin molecule, thereby shifting
the equilibrium in favour of dissociated protein. Previous
studies have shown that, at low pH, insulin is predomi-
nantly dimeric in solution at high concentrations (Blundell
et al. 1972) and, in agreement with this, our preliminary
dynamic light scattering measurements (not shown) at pH
2.5, under the same conditions as used for calorimetric
measurements, give an estimated molecular weight in the
region of 11—12 kDa. The heat of dilution data obtained
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Fig. 1A, B Calorimetric data for the endothermic dissociation of
insulindimers at pH 2.5. A Raw data for injection of insulin, 1.53 mm
(8.8 mg/ml), 25x10 pl injections, into buffer at 25°C, with control
data showing the calorimetric response for blank buffer injections
on this very sensitive scale; B Integrated injection heats, corrected
for control heats and fit (solid line) to a dimer dissociation model
with K., =12 um and AHy, =41 kJ mol™

here are also consisted with a dimer dissociation model,
and we use this for quantitative comparison. In the absence
of cyclodextrins at pH 2.5 the insulin dimer dissociation
constant (K;.,). obtained from non-linear regression anal-
ysis of dilution data, is around 12 pM and in agreement
with previous determinations by other techniques (Blun-
dell et al. 1972). Computer simulations (unpublished) of
more complex oligomer models show sigmoidal dilution
curves unlike anything observed so far here. At pH 7.4 the
oligomeric state of insulin is less clear, and hexamers or
higher oligomers almost certainly exist under the condi-
tions used here. Nevertheless, the dilution data fit reason-
ably to a dimer model, and we use this for empirical com-
parison purposes.

The variation in apparent dissociation constant with cy-
clodextrin concentrations can be simulated, at least in part,
by a simple (but probably unrealistic) model involving se-
quential binding of cyclodextrins to sites on the dissoci-
ated insulin. Assuming:

Ins, = 2Ins; Kgig 0= [Ins]*/[Ins,]; AHgiq 0
and Ins + C = Ins.C; K, =[Ins.C]/[Ins][C]; AH,
Ins + Ins.C = Ins.C,; K, =[Ins.C,)/[Ins][Ins.C]; AH,

.. . and so on for sequential binding steps.
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Table 1 Thermodynamic data

. o) 0
for the dissociati f insuli pH  Cyclodextrin [CD] Kaiss AH s AG igs AS s
dimers at 25 °C. determined mM. UM ki mol ™ kimol ' JK™ mor”
from calorimetric dilution data
in the presence or absence of 2.3 None N 12.(1) 41.0(3.5) 28.1 43
cyclodextrins. Each experiment 2.5 Methyl-f3- 30 S1(13) 59.8(3.9) 24.5 118
was normally repeated three 50 88 (17) 64.7(1.2) 23.1 139
times to give the mean values 74 184 (é9) 67'2 (5.1) 21.3 156
of apparent dissociation con- 99 284 (56) 72.5(0.9) 20.2 175
stants and enthalpies (K., 141 690 (99) 75.0(0.9) 18.0 191
AH,,,.) below. with standard ‘ 199 1690 (21) 79.1 (2.1) 15.8 212
deviations in parentheses 2.5 Hydroxypropyl-f8 29 25(12) 47.3(6.2) 26.3 71
50 24 (6) 54.7(4.7) 26.4 95
79 64 (24) 47.7 (4.7) 23.9 80
120 70 (3) 53.1(1.9) 23.7 99
139 78 (4) 52.7(1.9) 234 98
209 152 (45) 58.3(4.3) 21.8 123
25 o 25 17 (3) 38.3(0.8) 27.2 37
48 41 (2) 34.0 (0.8) 25.0 30
75 68 (8) 33.1(1.2) 238 31
97 67 (8) 29.4 (2.1) 23.8 19
7.4 None - nd* nd nd nd
74 Methyl-f- 50 20 60 26.8 110
150 190 88 21.2 224
* nd, calorimetric effects too weak to determine accurately
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Fig. 2 Examples of raw calorimetric dilution data showing the ef-
fects of different cyclodextrins on insulin dissociation, all at pH 2.5
except where indicated. For comparison, cyclodextrin concentrations
(when present) are all approximately 100 mM in this case

where C represents the cyclodextrin, the apparent dissoci-
ation constant may be written:

K giss = [In8o ] 2/[In8,] = K gigs o 14K [C1 + K Ko [C1P 4. . )2
Despite uncertainties regarding the number of potential
binding sites and their binding affinities, this polynomial

er panels) and enthalpies of dissociation of insulin (AH,;,., upper
panels) at pH 2.5 with increasing cyclodextrin concentrations. In the
lower panels the curves show the theoretical fits to a simple sequen-
tial binding model, using the parameters given in the text. A Meth-
yl-B-cyclodextrin (filled squares). B Hydroxypropyl-fB-cyclodextrin
(filled circles) and a-cyclodextrin (open squares)

expression does form areasonable basis for empirical mod-
elling of the observed effects of cyclodextrins on insulin
dissociation thermodynamics. Non-linear regression anal-
ysis of experimental data for the variation of apparent
dimer dissociation constant with cyclodextrin concentra-
tion (Fig. 3) indicates that two sequential binding sites are
adequate for describing the data satisfactorily over the ac-
cessible concentration range. The numerical values ob-
tained for the site-binding constants (K,, K,) are consis-
tent with the relatively weak affinities expected on the ba-
sis of previous observations of interaction between cyclo-
dextrins in solution and aromatic amino acid side chains



and similar groups (Cooper 1992; Cooper and MacNicol
1978; Horsky and Pitha 1994). For methyl- S-cyclodextrin,
which shows the biggest effect, K, and K, are estimated
to be about 20 and 6.5 M™!, respectively, For the other cy-
clodextrins K;=10—15 M~!, with K, <5 M"".

The enthalpies also show interesting variations. In the
absence of cyclodextrins the dissociation of insulin oli-
gomers is endothermic. Addition of a-cyclodextrin, in ad-
dition to encouraging oligomer dissociation, also makes
this dissociation less endothermic in a manner consistent
with the exothermic binding of ¢-cyclodextrins to exposed
groups on insulin monomers after dissociation. In contrast,
although methyl- and hydroxypropyl--cyclodextrins sim-
ilarly induce oligomer dissociation, this dissociation is ob-
served to be more endothermic. This suggests that the bind-
ing of these modified B-cyclodextrins to exposed insulin
residues, although thermodynamically favourable, is en-
dothermic and consequently entropy-driven. The nett ef-
fect is to increase the apparent insulin dissociation con-
stant, whilst making the overall dissociation process more
endothermic. The concomitant increase in dissociation en-
tropy (AS{i., Table 1) may arise from displacement of sol-
vent/solvation layers from the insulin surface when the
bulky modified -cyclodextrins bind. It may also suggest
an additional hydrophobic contribution to the cyclodextrin
interaction arising from the methyl- and hydroxypropyl-
substituent groups on the cyclodextrin ring. Such interac-
tions may not be seen in model experiments involving just
simple amino acids or analogues that lack the bulk/surface
effects to be expected with sidechains on the insulin mole-
cule.

It seems likely that cyclodextrins might have similar ef-
fects on the dissociation of other oligomeric systems, and
further investigations are under way.
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